A garnet-biotite-Al 2 SiO 5 -quartz (GBAQ) geobarometer was empirically calibrated using more than 700 natural metapelites with a broad compositional range of garnet and biotite under P-T conditions of 450-950°C and 1-17 kbar. In the calibration, activity models of garnet and biotite identical to those in the garnet-biotite (GB) geothermometer of Holdaway [American Mineralogist 2000, 85:881-892] were used. Therefore, the GBAQ geobarometer and the GB geothermometer can be simultaneously applied to iteratively estimate metamorphic P-T conditions. Successful applications of the GBAQ geobarometer to natural metapelites certify its validity. Most importantly, when plagioclase is absent or CaO components in garnet and/or plagioclase are deficient, this geobarometer may prove useful for estimating metamorphic pressures. The random error of the present GBAQ geobarometer is inferred to be around AE1.8 kbar. An electronic spreadsheet is available as Table S4 to apply the GBAQ geobarometer in combination with the GB geothermometer.
| INTRODUCTION
Accurately determining metamorphic P-T conditions is crucial to understand tectono-metamorphic evolution of a metamorphic terrane. In determining metamorphic P-T conditions, one can use either geothermobarometers such as mono-equilibrium geothermobarometers (e.g. Ferry & Spear, 1978; Holdaway, 2001) or multi-equilibria geothermobarometers (e.g. Berman, 1991; Powell & Holland, 1994) or forward thermodynamic modelling (e.g. Connolly, 2005; De Capitani & Petrakakis, 2010; Gaidies, de Capitani, & Abart, 2008; Powell & Holland, 2010; Powell, Holland, & Worley, 1998; Spear, 1988) .
In thermodynamic forward modelling, such as pseudosections, P-T estimates are made via comparison of observed assemblages and mineral compositions with computed assemblage fields including chemical isopleths on a phase diagram. On the other hand, applications of geothermobarometers to natural rocks are inverse modelling, in which P-T estimates are calculated directly from measured mineral compositions. Both forward and inverse methods have their strengths and weaknesses. For example, pseudosection modelling requires a good estimation of the composition of the equilibrium volume, whereas thermobarometry is potentially prone to retrograde resetting of mineral composition, especially during slow cooling. Geothermobarometers neither require closed chemical systems during metamorphism, nor do they need to assume a known total H 2 O content, which are sometimes pre-requisites in pseudosection modelling. Therefore, accurate and precise geothermobarometers are extremely important, especially newly calibrated ones applicable to specific important assemblages.
In recent years, great progress in trace element geothermometry has been made, including calibration of the Tiin-quartz thermometer (e.g. Thomas et al., 2010; Wark & Watson, 2004 , Zr-in-rutile thermometer (e.g. Ferry & Watson, 2007; Pape, Mezger, & Robyr, 2016; Spear, Wark, Cheney, Schumacher, & Watson, 2006; Tomkins, Powell, & Ellis, 2007; Zack, Moraes, & Kronz, 2004) , Ti-in-zircon thermometer (e.g. Ferry & Watson, 2007; Watson, Wark, & Thomas, 2006) , Y-in-monazite thermometer (e.g. Andrehs & Heinrich, 1998; Gratz & Heinrich, 1997 Pyle, Spear, Rudnick, & McDonough, 2001) as well as the REE-in-two pyroxene thermometer (Liang, Sun, & Yao, 2013) . These trace element thermometers play an important role, provided high-resolution analyses of the trace elements (e.g. Ti, Zr, REE) can be obtained. However, exchange of trace elements between minerals is almost pressure independent, therefore, trace elements cannot be used to calibrate geobarometers. Another significant progress in geobarometry is laser Raman geobarometry, for which the primary aim was to prove the presence of relicts of ultra-high-pressure (UHP) indicators (diamond, coesite). Such geobarometry is a milestone in metamorphic geology (Korsakov, Zhukov, & Vandenabeele, 2010) . The shift of Raman bands in quartz inclusions within refractory, rigid host minerals (e.g. garnet, zircon, kyanite, omphacite) has been calibrated as a powerful geobarometer (e.g. Ashley, Caddick, Steele-MacInnis, Bodnar, & Dragovic, 2014; Enami, Nishiyama, & Mouri, 2007; Kohn, 2014; Korsakov et al., 2010) and has been successfully applied to determine residual pressures of the metamorphic peak, especially for UHP rocks. However, for estimating metamorphic peak pressures of non-UHP metapelitic assemblages, new geobarometers are still necessary.
It is well known that metapelites are sensitive to pressure and/or temperature change, and thus act as ideal research targets. In the past several decades, geothermobarometers have been calibrated for metapelites, such as the garnet-biotite (GB) geothermometer (e.g. Ferry & Spear, 1978; Holdaway, 2000; Perchuk & Lavrent'eva, 1983) , garnet-muscovite geothermometer (e.g. Green & Hellman, 1982; Krogh & R aheim, 1978; Wu & Zhao, 2006a) , garnet-cordierite geothermometer (e.g. Nichols, Berry, & Green, 1992; Perchuk & Lavrent'eva, 1983) , Ti-in-muscovite geothermometer (Wu & Chen, 2015a) and Ti-in-biotite geothermometer (e.g. Henry & Guidotti, 2002; Henry, Guidotti, & Thomson, 2005; Wu & Chen, 2015b) , as well as the garnet-Al 2 SiO 5 -plagioclase-quartz (GASP) geobarometer (e.g. Hariya & Kennedy, 1968; Holdaway, 2001; Koziol & Newton, 1988) , garnet-cordierite-Al 2 SiO 5 -quartz geobarometer (e.g. Mukhopadhyay & Holdaway, 1994; Nichols et al., 1992) , garnet-biotite-plagioclase-quartz geobarometer (e.g. Hoisch, 1990 Hoisch, , 1991 Wu, Zhang, & Ren, 2004) , garnet-muscovite-plagioclase-quartz geobarometer (e.g. Hoisch, 1990 Hoisch, , 1991 Wu & Zhao, 2006a) , garnet-rutile-Al 2 SiO 5 -ilmenitequartz geobarometer (e.g. Bohlen, Wall, & Boettcher, 1983; Koziol & Bohlen, 1992) , garnet-rutile-ilmenite-plagioclase-quartz geobarometer (e.g. Bohlen & Liotta, 1986; Wu & Zhao, 2006b ), garnet-biotite-muscovite-Al 2 SiO 5 -quartz (GBMAQ) geobarometer (e.g. Hodges & Crowley, 1985; Holdaway, 2004; Holdaway, Dutrow, & Hinton, 1988; Robinson, 1983; Wu & Zhao, 2007) and garnet-biotitemuscovite-plagioclase (GBMP) geobarometer (e.g. Ghent & Stout, 1981; Hodges & Crowley, 1985; Hoisch, 1990; Wu, 2015) . These geothermobarometers play an important role in estimating metamorphic P-T conditions of metapelites. It is noticeable that most of the above geobarometers require chemical compositions of both garnet and plagioclase to be accurately determined.
However, many metapelites are CaO deficient, thus the grossular component of garnet is severely diluted, and plagioclase is also deficient in anorthite. These make the plagioclase-related geobarometers less useful, because large pressure errors can be propagated from analytical errors of CaO in garnet and plagioclase (e.g. Holdaway, 2001; Todd, 1998) . Furthermore, plagioclase is absent from some CaOdeficient metapelites, and such geobarometers cannot be applied to these metapelites. It should also be noted that many other geobarometers that involve muscovite cannot be applied when it disappears at higher temperature, that is, >750°C (White, 2010) . All these necessitate the calibration of new geobarometers applicable to metapelitic assemblages devoid of plagioclase and/or muscovite, and, naturally, are applicable to the broad ranges of P-T and chemical compositions of the minerals involved.
Fortunately, the net-transfer GBAQ model reactions (Equations 1 and 2) 
involving tschermak's substitution in biotite solid solution are sensitive to pressure change. The P/T slopes of Fe-end-member model reactions are between À7 and 24 bar/K, calculated from the Clausius-Claperon's equation when adopting the internally consistent thermodynamic data set (Holland & Powell, 2011) . The shallower dP/dT slopes in P-T space enable these two model reactions to be calibrated as an ideal geobarometer. In fact, garnet and biotite are ubiquitous in low-to high-T and low-to high-P metapelites, therefore, calibration of the GBAQ geobarometer is potentially very useful. The GBAQ geobarometer has not been calibrated before, to my knowledge. In this work, the GBAQ geobarometer was empirically calibrated using a large number of natural metapelites (722 samples) formed at 450-950°C and 1-17 kbar (Table S1 ). Then, the newly calibrated GBAQ geobarometer was applied to natural metapelites not included in the calibration, in order to examine its applicability in accurately estimating metamorphic P-T conditions in conjunction with the GB geothermometer (Holdaway, 2000) .
| CALIBRATION

| Samples used in the calibration
Currently, no phase equilibrium experimental data are available to calibrate the GBAQ geobarometer, therefore it has to be calibrated empirically by using natural metapelites. For this purpose, mineral compositions from a large number of natural Al 2 SiO 5 -bearing metapelitic samples from the literature were compiled (Table S1 ). The calibrant samples all contain plagioclase to allow the GBAQ barometer to be calibrated from the GASP barometer (Holdaway, 2001) . Because plagioclase and garnet with low CaO (X Pl Ca <0.17 and X Grt Ca <0.03) always yield potentially erroneous pressure estimates (Holdaway, 2001; Todd, 1998) , such data were excluded from the calibration data set. On the other hand, of the total 786 samples collated, 64 (8.1%) samples (Table S1) were discarded due to large errors (>AE2.5 kbar) in reproducing the input pressures. It is noted that chemical compositions of the garnet and biotite of these excluded samples are well within the chemical composition ranges of the calibrant samples (Table S1 ), therefore, it is tentatively assumed that thermodynamic equilibrium has not been reached in these assemblages. The remaining 722 Al 2 SiO 5 -bearing metapelitic samples (Table S1 and references therein) were used to calibrate the GBAQ geobarometer, among which 34 samples contain andalusite, six contain andalusite and sillimanite, 419 contain sillimanite, 16 contain sillimanite and kyanite, and the remaining 247 contain kyanite. For these samples, petrographic textures indicative of apparent thermodynamic equilibrium (e.g. 120°triple junctions between minerals) are described, and at least the nine chemical components (SiO 2 , TiO 2 , Al 2 O 3 , FeO, MnO, MgO, CaO, Na 2 O, K 2 O) were reported in the mineral analyses. Chemical compositions of the calibrant samples possibly cover the complete chemical ranges of natural garnet and biotite (Table 1) .
In the calibration, input temperatures and pressures of these calibrant samples were simultaneously determined by the GB geothermometer (Holdaway, 2000) and the GASP barometer (Holdaway, 2001) . Validities of these two thermobarometers have been confirmed by Wu and Cheng (2006) after extensive comparative studies of various versions of these thermobarometers.
An important challenge lies in determining ferric iron contents of garnet and biotite. Available M€ ossbauer studies show that ferric iron in metapelitic biotite coexisting with ilmenite and/or graphite vary slightly, and the average value is~11 AE 3.3 mol.% of the total iron (e.g. Dyar, 1990; Guidotti & Dyar, 1991; Williams & Grambling, 1990) . This led Holdaway (2000) to designate biotite to contain 11.6 mol.% of total iron as ferric iron. For metapelitic garnet, 3 mol.% of the total iron is assumed as ferric (Holdaway, 2000 (Holdaway, , 2001 , according to statistics of a large amount of ferric data of metapelitic garnet. In the calibration, ferric iron in biotite and garnet is assumed to be 11.6 and 3 mol.% of the total iron, respectively, following Holdaway (2000 Holdaway ( , 2001 . Most of the calibrant metapelites contain ilmenite or graphite, and the number of metapelitic samples containing hematite is negligible (Table S1 ).
| Thermodynamic basis
Thermodynamic equilibrium conditions of Equations 1 and 2 can be expressed respectively as
in which DG, DH, DS and DV are the Gibbs free energy, enthalpy, entropy and volume of the two model reactions, respectively, adopting standard state being pure phase at the pressure and temperature of interest. Subscripts Fe and Mg refer to the Fe-and Mg-end member reactions respectively. P (bar) and T (K) stand for the equilibrium pressure and temperature respectively. K 
| Garnet solid solution
It is well known that the reciprocal solid solution of garnet can be described as ðFe
, in which A, M and T refer to the hexahedral, octahedral and tetrahedral crystallographic sites respectively. According to the mixing sites, the garnet solid solution was classified into two series: the pyralspite series, ferrous cations mixing on the hexahedral site; and the ugrandite series, ferric cations mixing on the octahedral site, although such a classification scheme is not tentatively recommended today (Geiger, 2016) . For garnet formed in metapelites, mixing of cations occurs mainly on the hexahedral site and mixing on the octahedral and tetrahedral sites is essentially negligible.
Therefore, in order to keep thermodynamic consistency among the GBAQ geobarometer, the GB geothermometer (Holdaway, 2000) and the GASP geobarometer (Holdaway, 2001) , the asymmetric quaternary activity model of garnet (Holdaway, 2000 (Holdaway, , 2001 describing the mixing properties of ferrous cations on the three equivalent hexahedral sites is used. The excess chemical potential of the almandine and pyrope components in garnet, after rearrangement, may be written respectively as
and
in which Fea, Feb, Fec, Mga, Mgb and Mgc are polynomial expressions constructed by molar fractions of the endmember phases of garnet and are described in Table S2 .
| Biotite solid solution
The reciprocal solid solution of biotite is described as (K, Na,hÞ C (Fe, Mg, Mn,hÞ M2 (Fe, Mg, Al, Fe 3þ ,Cr 3þ ;TiÞ
2 O 10 (OH, F, Cl) 2 , in which C, M1, M2, T1 and T2 refer to the interlayer, non-equivalent octahedral T A B L E 1 Ideal activities of garnet and biotite, ideal equilibrium constants of the model reactions and ranges of chemical compositions of the garnet and biotite used in the calibration
Ideal equilibrium constants and tetrahedral crystallographic sites, respectively, and □ a site vacancy. In the model Equations 1 and 2, mixing on the interlayer site C of the biotite solid solution offsets each other, as do the hydroxyl sites, therefore, what should be specified are the cation mixing properties on the nonequivalent octahedral and tetrahedral sites. However, due to limited data, the following simplifications have to be made:
(1) the non-equivalent octahedral sites M1 and M2 are assumed to be equivalent, as are the two tetrahedral sites T1 and T2; (2) mixing of cations on the T sites has to be treated as ideal; and (3) finally, inter-site interactions of cations between the M and T sites have also been neglected. Additionally, in order to keep thermodynamic consistency with Holdaway (2000 Holdaway ( , 2001 , the symmetric quaternary activity model of biotite (Holdaway, 2000) describing mixing properties of ferrous cations on the octahedral sites was adopted. Holdaway (2000) Based on the scheme of symmetric quaternary solid solution (Mukhopadhyay, Basu, & Holdaway, 1993) , when adopting the above Margules parameters (Equations 7-9) of biotite (Holdaway, 2000) , the difference of chemical potential between annite and siderophyllite components, as well as that between phlogopite and eastonite components in biotite, are described respectively as 
| Regression models
Inserting Equations 5-6, 10-11 into Equations 3 and 4, the regression models of the GBAQ geobarometer were obtained respectively as 
in which the Δ Fe V 0 -and Δ Mg V 0 -related parameters are unknowns to be determined through regression analysis.
| Results of calibration
Every calibrant sample (Table S1 ) corresponds to two equations of the form of Equations 12 and 13, thus two equation sets for each of the respective Fe-and Mg-end member model equations were obtained. Regressions of these two sets of equations yielded the thermodynamic parameters in Equations 12 and 13 and they are listed in Table 2 . Inserting these retrieved thermodynamic parameters into Equations 12 and 13, the following six formulations (Equations 14-19) of the GBAQ geobarometer were obtained, respectively, for the andalusite-, sillimanite-and kyanite-bearing metapelites: 
The pressure differences between the Fe-and Mg-end member GBAQ formulations (Equations 14 and 17, 15 and 18, 16 and 19) are well within AE0.41 kbar (Figure 1a ) for all the calibrant samples (Table S1 ). In fact, for the 661 (91.6%) of the total calibration samples, these two sets of GBAQ formulations yielded pressure differences less than AE0.10 kbar for each sample (Figure 1a ; Table S1 ). Only 16 (2.2%) calibration samples yielded pressure differences larger than AE0.20 kbar (Table S1; Figure 1a) . Therefore, it can be concluded that the two systems of formulations are identical, and one can use the averaged value as the GBAQ pressure. Generally, the GBAQ geobarometer yields similar pressure estimates to the GASP geobarometer (Holdaway, 2001) , as depicted in Figure 1b . Furthermore, the two plagioclase-absent geobarometers (GBAQ, this work; GBMAQ, Wu & Zhao, 2007) yielded similar pressure estimates within AE1.0 kbar for 77 (89.5%) of the total 86 muscovite-bearing calibrant samples (Table S1 ; Figure 1c) .
Misfit of the GBAQ geobarometer is defined as the pressure difference estimated by the present GBAQ and GASP (Holdaway, 2001 ) geobarometers for each sample. Of the total 722 samples used in the calibration, 489 (67.7%) samples yielded misfits <AE1.0 kbar, 144 (19.9%) samples yielded misfits between AE1.0-1.5 kbar, 63 (8.7%) samples yielded misfits between AE1.5-2.0 kbar and 26 (3.6%) samples yielded misfits larger than AE2.0 kbar (Table S1; Figure 1b) . Overall, 676 (93.6%) of the total calibrant samples yielded misfits <AE1.8 kbar (Table S1 ; Figure 1b ), compared to the GASP geobarometer (Holdaway, 2001 ). Therefore, it is anticipated that the accuracy of the present GBAQ geobarometer relative to the GASP geobarometer (Holdaway, 2001 ) is around AE1.8 kbar.
It is shown that misfit of the GBAQ geobarometer shows negligible correlation with respect to pressure (Figure 2a) , and shows no correlation with either temperature (Figure 2b ) or chemical composition of garnet (Figure 2c ) or biotite (Figures 2d-f) . Therefore, it can be concluded that the present GBAQ geobarometer yields no bias errors. calibrated by Holdaway (2000) to simultaneously obtain metamorphic P-T conditions of Al 2 SiO 5 -bearing metapelites, regardless of whether plagioclase is present. In application of the GB-GBAQ geothermobarometers, ferric iron in garnet and biotite is assumed to be 3 and 11.6 mol.% of the total iron, respectively, for ilmeniteand/or graphite-bearing metapelites (Table S3 ). An electronic spreadsheet Table S4 , is used to iteratively compute P-T conditions of metapelites. To demonstrate applicability of the present GBAQ geobarometer, the natural metapelitic samples (Table S3 ) not included in the calibration were used as independent criteria. Concise description of application is summarized below.
| APPLICATIONS
| Plagioclase-absent metapelites
For plagioclase-absent metapelites, neither the GASP (Holdaway, 2001 ) nor other plagioclase-related geobarometers can be used, but the present GBAQ geobarometer may play an important role. Metapelites in the Olary Block, South Australia, were deformed and metamorphosed during the mid-Proterozoic Olarian Orogeny (Clarke, Guiraud, Powell, & Burg, 1987) . Chemical compositions of biotite and garnet of the different samples differ significantly. Metamorphic P-T conditions of these andalusite-or sillimanite-bearing metapelites determined by iterative application of the GB-GBAQ geothermobarometers are 503-561°C and 1.6-3.5 kbar (Table S3) , consistent with the Al 2 SiO 5 stability field (Figure 3a) , except for one andalusite-bearing sample (579°C/ 4.1 kbar).
Andalusite-bearing metapelites are exposed near Pecos Baldy, New Mexico, USA (Grambling, 1986 ). The metamorphic peak assemblage consists of andalusite+bi-otite+muscovite+quartz+garnet+rutile+graphite. Chemical compositions of biotite and garnet of the different samples are quite different. The metamorphic P-T conditions were estimated to be 557-576°C and 3.5-3.7 kbar (Table S3) by the GB-GBAQ geothermobarometers, consistent with the andalusite stability field (Figure 3a) . Table S1 . GBAQ, garnet-biotiteAl 2 SiO 5 -quartz; GASP, garnet-Al 2 SiO 5 -plagioclase-quartz; GBMAQ, garnet-biotite-muscovite-Al 2 SiO 5 -quartz WU | 989 F I G U R E 2 Distribution of misfit of the GBAQ barometer for the total 722 calibrant samples (Table S1 ). The misfit is the pressure difference between the GASP geobarometer (Holdaway, 2001 ) and the present GBAQ geobarometer for each sample. In the Augusta quadrangle, south-central Maine, USA, metapelites contain garnet, biotite, muscovite, staurolite, andalusite, quartz and minor sillimanite and plagioclase (Novak & Holdaway, 1981) , but chemical compositions of plagioclase were not reported. Chemical compositions of biotite and garnet vary from sample to sample (Table S3) . The metamorphic P-T conditions were estimated to be 553-597°C and 3.2-3.9 kbar (Table S3 ) determined by the GB-GBAQ geothermobarometers, consistent with the andalusite-and sillimanite stability field (Figure 3a) .
| CaO-deficient metapelites
Plagioclase-and garnet-related geobarometers suffer from dilution of Ca cations in garnet and/or plagioclase, because even a small analytical error of CaO may translate to a larger error in pressure estimation (Todd, 1998) , this led Holdaway (2001) to suggest that application of the GASP geobarometer should be used with great caution when the CaO is low in either garnet (X Grt Ca <0.03) or plagioclase (X Pl Ca <0.17). In fact, such issues may be commonly encountered because CaO-deficient metapelites are relatively common (e.g. Holdaway, 2001; Todd, 1998; Wu, 2015) . In such metapelites, garnet and/or plagioclase typically have low CaO.
Here, some of such examples are given in which the chemical compositions of both biotite and garnet vary significantly from sample to sample (Table S3 ). For the andalusite-bearing metapelites (Likhanov, Polyansky, Reverdatto, & Memmi, 2004; Likhanov, Reverdatto, Sheplev, Verschinin, & Kozlov, 2001) , sillimanite-bearing metapelites (Brommer, 1998; Hansen, Janardhan, Newton, Prame, & Kumar, 1987; Knudsen, 1996; Qi, Zhang, Li, Yin, & Cai, 2004; Schmid & Wood, 1976; St-Onge, 1984; Viruete, Indares, & Arenas, 2000; You, Han, Suo, Chen, & Zhong, 1993) and kyanite-bearing metapelites (Engi, Todd, & Schmatz, 1995; Hauzenberger, Bauernhofer, Hoinkes, Wallbrecher, & Mathu, 2004; Perkins, 1991; Schmidt et al., 2011; St€ aubli, 1989) , the GASP geobarometer yielded obviously erroneous pressure estimates and these samples fall in the wrong Al 2 SiO 5 stability field (Figure 3b) , but the GBAQ geobarometer plots these samples into the correct Al 2 SiO 5 stability field (Table S3 ; Figure 3c ). This suggests that the grossular-and anorthiteunrelated GBAQ geobarometer, is almost independent of CaO component in garnet, and therefore has broader application than the GASP geobarometer.
| Metapelites within a limited geographic area
A valid geobarometer should yield nearly constant pressure when applied to different assemblages and a range of different mineral compositions, within a limited geographic area such as within~1 km 2 . For example, across the biotite-sillimanite isograd in the File Lake area, Manitoba, Canada, six sillimanite-bearing metapelitic samples were collected (Gordon, Ghent, & Stout, 1991) . Chemical compositions of the biotite are not similar, as are the garnet, of the different samples (Table S3 ). The GB-GBAQ geothermobarometers yielded metamorphic P-T conditions to be 532-580°C and 3.0-3.6 kbar (Table S3) , reflecting the constant pressure which is inferred for the area.
| Metapelites within thermal contact aureoles
For metamorphic rocks formed in a narrow thermal contact aureole, it can be assumed that peak metamorphic pressure condition was constant as the temperatures will vary significantly because of the small size of the studied area (e.g. Williams & Grambling, 1990) . For example, in a 1-km-long exposure of the mafic complex contact aureole, the Rio Forcioula transect, Ivrea Zone, northern Italy (Barboza & Bergantz, 2000) , metamorphic P-T conditions of several sillimanite-bearing metapelites (samples 80496-6, 80496-11, 80496-13, 80596-3, 80596-5, 62097-5, 62097-3) were estimated to be 577-652°C and 2.2-4.9 kbar by the GB-GASP geothermobarometers, whereas the coupled GB-GBAQ geothermobarometers gave P-T conditions of 580-646°C and 3.1-3.9 kbar (Table S3 ; Figure 3d ). The averaged GASP pressure is 3.1 kbar and the averaged GBAQ pressure is 3.5 kbar, thus they can be inferred as consistent, within error. It should be stated that the GB geothermometer gave different temperatures due to combination with the different geobarometers (GASP, GBAQ), although the temperature differences are negligible. In another 1-km-long exposure, the Fiume Duggia transect (Barboza & Bergantz, 2000) , metamorphic P-T conditions of three samples (IV96-1, 70197-10, 62497-3) were determined to be 614-629°C and 2.5-3.1 kbar by the GB-GASP geothermobarometers, or 612-629°C and 3.5-3.9 kbar by the GB-GBAQ geothermobarometers (Table S3 ; Figure 3d ). Similar metamorphic pressures were obtained again for the GBAQ and GASP geobarometers, within error, although chemical compositions of biotite and garnet differ significantly between different samples (Table S3) . Within the Ardara thermal contact aureole, NW Ireland, there are exposures of andalusite-or sillimanite-bearing metapelites (Homam, 2005) . Chemical compositions of the biotite are similar but the garnet shows diverse compositions for the different samples (Table S3 ). Metamorphic P-T conditions were determined to be 512-614°C and 2.7-5.1 kbar by the GB-GASP geothermobarometers (except for the andalusite-bearing sample 7, for which the pressure was erroneously determined to be as high as 8.8 kbar), or 500-616°C and 2.2-4.2 kbar by the GB-GBAQ geothermobarometers (Table S3) . Metamorphic pressure of sample 7 was determined to be 2.2 kbar by the GBAQ geobarometer. The pressure of the plagioclase-absent samples (36, 53, 81, 82) could not be estimated by the GASP geobarometer, but could be determined by the GBAQ geobarometer which yielded reasonable values (3.0-4.2 kbar), consistent with the Al 2 SiO 5 stability fields (Table S3 ; Figure 3d) .
The early Eocene emplacement of the Ruby Range batholith of northern Coast Belt of Yukon Territory, Canada, produced a 5-6-km-wide contact aureole, in which the metamorphic grade ranges from sub-garnet zone to garnet-cordierite-K-feldspar zone (Mezger, Chacko, & Erdmer, 2001) . Both biotite and garnet show diverse chemical compositions for the different samples (Table S3) . Application of the GB-GASP geothermobarometers shows that the contact metamorphism occurred at 540-680°C and 2.8-4.7 kbar. The GB-GBAQ thermobarometers yielded the contact metamorphic P-T conditions to be 540-678°C and 2.9-4.7 kbar, identical to the GASP barometer (Table S3 ). The GBAQ geobarometer plots the andalusiteand sillimanite-bearing metapelites into the correct stability field (Figure 3d ).
The regional contact metamorphic aureoles of west-central Maine, USA, cover a large area. Five regional contact metamorphic events (M1-M5) occurred in the Devonian and Carboniferous among which the M3 and M5 are the most important two metamorphic events (Holdaway et al., 1988) . Each metamorphism is closely associated with emplacement of S-type granites, thus the isograd patterns produced in the surrounding metapelitic schist aureoles generally follow the plutonic outlines. From north to south, metamorphic grade increases from chlorite to sillimanite-Kfeldspar, and these zones are designated from low to high grades as Grades 3, 4, 5, 6 (M3) and Grades 6.5, 7 and 8 (M5) respectively (Holdaway et al., 1988) . Both the biotite and garnet show diverse compositions from sample to sample (Table S3 ). The GB-GASP geothermobarometers yielded pressures in the range of 4.3-5.4 kbar (except for sample 87 in Grade 7 zone, 4.1 kbar; sample 4A in Grade 6 zone, 6.1 kbar), therefore the pressure can be regarded as constant (~4.8 kbar), within error, for all the metamorphic zones (Table S3) . Simultaneously applying the GBAQ geobarometer and the GB geothermometer (Holdaway, 2000) yielded quite identical P-T conditions of 550-685°C and 3.2-5.1 kbar (Table S3 ; Figure 4c ), and the mean pressure was estimated to be~4.0 kbar. It is noted that for sample 87 in Grade 7 zone and sample 4A in Grade 6 zone, the GBAQ pressures were estimated to be 4.2 and 3.8 kbar, respectively, and are consistent to the mean pressure (~4.0 kbar). The GB-GBAQ geothermobarometers plot all these sillimanite-bearing samples into the sillimanitestability field (Figure 3e ). It should be noted that several samples (137, 53, 14A, 23, 79, 112, 50, 90, 143, 145) contain no plagioclase (Table S3) , which limits application of the GASP geobarometer, but the GBAQ geobarometer yielded quite reasonable pressure estimates (3.2-4.2 kbar).
| DISCUSSION
It is well known that an experimentally calibrated geobarometer based on reversed experimental data, in which the pressure and temperature are well constrained, is superior to an empirically calibrated one (e.g. Holdaway, 2001) . Even so, the most reliable experimental geobarometer can only be as accurate as around AE1 kbar due to experimental uncertainties. As for an empirically calibrated geobarometer, the inherent error is perhaps larger, because the quality of the input pressures and temperatures in calibrating the geobarometer is determined by other geothermobarometers whose P-T errors cannot be avoided. In this paper, the GBAQ geobarometer was empirically calibrated based on a large number of natural Al 2 SiO 5 -bearing metapelites for which pressures and temperatures were simultaneously determined by the GB geothermometer (Holdaway, 2000) and GASP geobarometer (Holdaway, 2001) . The inherent absolute errors of the GB geothermometer and GASP geobarometer are estimated to be AE25°C (Holdaway, 2000) and AE0.8 kbar (Holdaway, 2001) respectively. It should be stated that empirical calibration of the GBAQ geobarometer is a second statistical work, which introduces pressure uncertainties from errors of input pressures and temperatures as well as analytical errors of chemical compositions of minerals involved. Therefore, the accuracy of this GBAQ geobarometer cannot be compared to the GASP geobarometer. Furthermore, natural metapelites used in this work overlap many samples used in the calibration of the GBMAQ geobarometer (Wu & Zhao, 2007) and GBMP geobarometer (Wu, 2015) , but the number of calibrant samples used here is much larger than in these earlier studies. What should be noted is that the GBMAQ and GBMP F I G U R E 3 Applications of the GBAQ or GASP (Holdaway, 2001) geobarometer coupled with the GB geothermometer (Holdaway, 2000) to natural metapelites. (a) P-T conditions of plagioclase-absent metapelites (Clarke et al., 1987; Grambling, 1986) and plagioclase-bearing metapelites without plagioclase chemical data (Novak & Holdaway, 1981) determined by the GB-GBAQ geothermobarometers; (b) Obvious erroneous P-T conditions of CaO-deficient metapelites determined by the GB geothermometer (Holdaway, 2000) coupled with the GASP geobarometer (Holdaway, 2001) . Data include andalusite-bearing (Likhanov et al., 2001 (Likhanov et al., , 2004 , sillimanite-bearing (Brommer, 1998; Hansen et al., 1987; Knudsen, 1996; Qi et al., 2004; Schmid & Wood, 1976; St-Onge, 1984; Viruete et al., 2000; You et al., 1993) and kyanite-bearing (Engi et al., 1995; Hauzenberger et al., 2004; Perkins, 1991; Schmidt et al., 2011; St€ aubli, 1989) metapelites; and (c) P-T conditions of CaOdeficient metapelites determined by the GB geothermometer (Holdaway, 2000) in concert with the present GBAQ geobarometer. Data are the same as in (b); (d) P-T conditions of thermal contact aureoles (Barboza & Bergantz, 2000; Homam, 2005; Mezger et al., 2001 ) determined by the GB-GBAQ geothermobarometers; and (e) P-T conditions of regional thermal contact aureoles (Holdaway et al., 1988) determined by the GB-GBAQ geothermobarometers. Al 2 SiO 5 phase diagram: the sold lines are from Holdaway and Mukhopadhyay (1993) , whereas the dashed line is from Pattison (1992) . GBAQ, garnet-biotite-Al 2 SiO 5 -quartz; GASP, garnet-Al 2 SiO 5 -plagioclase-quartz; GB, garnet-biotite geobarometers require the presence of muscovite, whereas the present GBAQ geobarometer does not, which broadens its applicability to metapelites as well as other muscoviteabsent rocks such as aluminous cordierite-orthoamphibole schists.
For the Fe-end-member GBAQ model reaction (Equation 1), the P/T slopes in P-T space are -7, 6 and 24 bar/ K, respectively, for andalusite-, sillimanite-and kyanitebearing assemblages, determined by the thermodynamic data set of Holland and Powell (2011) . Calibration of the GBAQ geobarometer yielded the respective parameters to be 5, 18 and 15 bar/K respectively. These two sets of parameters are similar. For the Mg-end-member GBAQ model reaction (Equation 2), the P/T slopes are À45, À127 and 38 bar/K, respectively, for andalusite-, sillimanite-and kyanite-bearing assemblages, determined by the thermodynamic dataset of Holland and Powell (2011) , but calibration of the GBAQ yielded the respective parameters to be À6, 17 and 7 bar/K, respectively, much shallower than those theoretically derived.
As mentioned above, the empirically derived P/T slopes in P-T space are in between 5-18 bar/K and À6 to 17 bar/ K for the GBAQ-Fe and GBAQ-Mg model reactions, respectively (Table 2) , all slightly shallower than that of the GASP P/T slopes (21-23 bar/K) derived from the Holland and Powell (2011) data set. If the errors of the derived GBAQ P/T slopes are sufficiently small, the temperature dependence of the present GBAQ geobarometer is less than that of the GASP geobarometer.
However, being an empirical calibration, larger errors of the derived thermodynamic parameters usually cannot be avoided. For example, the Al 2 SiO 5 polyphase transition reactions (i.e. And = Sil, Sil = Ky and Ky = And) have been accurately determined, which P/T slopes can also be computed to be À16, 21 and 12 bar/K, respectively, derived from the thermodynamic data set of Holland and Powell (2011) . This time, from calibration of the GBAQ geobarometer, the above parameters were estimated to be 1,323, À1,334 and 11 bar/K, respectively, for the Fe-end member model reactions, as well as À317, 304 and 12 bar/ K, respectively, for the Mg-end-member model reactions. Both methods yielded identical P/T slopes for the kyaniteandalusite transition, but quite different P/T slopes were obtained for the andalusite-sillimanite and sillimanitekyanite reactions. The errors are tentatively ascribed to the empirical calibration. In fact, when adopting data of these Al 2 SiO 5 polyphase transition equilibria derived from thermodynamic data set in calibration of the GBAQ geobarometer, large errors of pressure estimates are always obtained, due to unknown reasons. Therefore, these Al 2 SiO 5 transition data have not been included in the calibration. However, the present GBAQ geobarometer combined with the GB geothermometer (Holdaway, 2000) always yield reasonable P-T estimates (Figure 3) . Especially when garnet and/or plagioclase is CaO deficient, the GBAQ geobarometer always yields much more reasonable pressures than the well-established GASP geobarometer (Holdaway, 2001) , as demonstrated in Table S3 and Figure 3 . Therefore, it seems that both the calibration method and the GBAQ geobarometer itself are practical and are possibly reliable, albeit further work should be done to overcome the errors of the derived thermodynamic parameters.
Biotite is a hydrous mineral and its chemical composition cannot be so accurately determined, so the analytical errors of biotite may lead to pressure errors. However, numerical modelling of the total calibrant samples (Table S1) (Table S1 ), the propagated GBAQ pressure errors are in the order of AE0-0.01 kbar and AE0-0.01 kbar respectively. Finally, an input temperature error of AE50°C translates to GBAQ errors between AE0.42 and 1.43 kbar. Therefore, the total random error of the GBAQ geobarometer may be estimated to be around AE1.8 kbar.
Although such accuracy is not as ideal as desired, this GBAQ geobarometer can be applied to estimate metamorphic pressures of Al 2 SiO 5 -bearing metapelites, especially when garnet is deficient in grossular, and/or plagioclase is deficient in anorthite. Most importantly, the GBAQ geobarometer plays a unique role for metapelites devoid of plagioclase. It should be stated that the GB geothermometer (Holdaway, 2000) , the GASP geobarometer (Holdaway, 2001 ) and the present GBAQ geobarometer use the same activity models of both garnet and biotite. Therefore, the present GBAQ geobarometer can be paired with the GB geothermometer (Holdaway, 2000) to simultaneously obtain metamorphic P-T conditions for a given Al 2 SiO 5 -bearing metapelite through iterative computation, in the P-T ranges of calibration.
It is well known that Fe-Mg exchange geothermometers suffer from Fe-Mg re-exchange (diffusion) for high-grade metamorphic rocks experienced slow cooling (e.g. Frost & Chacko, 1989; Spear & Florence, 1992) , thus such geothermometers always yield lower temperature estimates. This led Frost and Chacko (1989) to propose the granulite uncertainty principle, and accordingly, several methods have been developed to obtain metamorphic peak P-T conditions based on recovered chemical compositions of minerals of the metamorphic peak (e.g. Kohn & Spear, 2000; Kroll, Evangelakakis, & Coll, 1993; Pattison, Chacko, Farquhar, & McFarlane, 2003) . For example, in the Aus granulite terrane, southern Namibia (Diener, White, Link, Dreyer, & Moodley, 2013) , P-T conditions of the metapelites were determined to be 594-686°C and 3.7-4.8 kbar (Table S3 ) by the GB-GBAQ geothermobarometers. In fact, these rocks are highly melted granulites and the associated mafic granulites in this area contain orthopyroxene, therefore, the GB temperatures were obviously underestimated, possibly due to slow cooling. Another example comes from the Molodezhnaya Station, eastern Antarctica, where the quartzofeldpathic granulites contain orthopyroxene (Grew, 1981) . The GB-GBAQ geothermobarometers yielded P-T conditions to be 653-711°C and 4.3-5.9 kbar (Table S3) for the sillimanite-bearing metapelites. The underestimated GB temperatures are also possibly due to slow cooling which caused Fe-Mg diffusion between the garnet and biotite. Therefore, the application of the present GBAQ geobarometer to high-grade metapelites should be undertaken with great caution and requires accurate temperature estimates as input.
| SUMMARY
The GBAQ geobarometer was empirically calibrated using a great number of natural metapelites. It can be applied simultaneously in concert with the GB geothermometer (Holdaway, 2000) to iteratively estimate metamorphic P-T conditions for Al 2 SiO 5 -bearing metapelites in the broad P-T ranges of 450-950°C and 1-17 kbar, whether plagioclase is absent or not in the assemblage. The total random error of the GBAQ geobarometer is deciphered to be around AE1.8 kbar.
An Excel spreadsheet (Table S4) for simultaneously applying the GBAQ geobarometer combined with the GB geothermometer (Holdaway, 2000) is available to download. The interested reader may also contact the author for the spreadsheet.
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